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Abstract 
A detailed thermodynamic analysis of the sorption enhanced chemical looping reforming of methane (SE-CL-SMR), using CaO 
and NiO as CO2 sorbent and oxygen transfer material (OTM) respectively, was conducted. Conventional reforming (SMR) and 
sorption enhanced reforming (SE-SMR) were also investigated for comparison reasons. The results of the thermodynamic 
analysis show that there are significant advantages of both sorption enhanced processes compared to conventional reforming. The 
presence of CaO leads to higher methane conversion and hydrogen purity at low temperatures. Addition of the OTM, in the SE-
CL-SMR process concept, minimizes the thermal requirements and results in superior performance compared to SE-SMR and 
SMR in a two-reactor concept with use of pure oxygen as oxidant/sweep gas.   
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1. Introduction 
Increasingly stringent demands for cleaner zero-sulfur fossil fuels have dramatically increased demand for 
hydrogen in petroleum refining. The dominant process for industrial hydrogen production today is the steam 
reforming of natural gas. Steam reforming involves multiple steps and severe operating conditions. The reformer 
reactor operates at high temperatures and pressures, and consumes high amounts of energy due to high 
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endothermicity of the reaction. Downstream, two shift reactors are required to convert the undesired CO to CO2, and 
the latter is separated from H2 either by amine scrubbing or pressure swing adsorption [1]. Although a mature 
process, steam reforming remains very energy intensive. Moreover, it is a process that emits a significant amount of 
CO2, aggravating global warming. It is evident that a novel technology for H2 production from methane is required.  
Research efforts have been targeted to an alternative concept combining the reforming reaction with in-situ CO2 
separation, namely sorption enhanced steam methane reforming (SE-SMR) [2-5]. The presence of a sorbent in the 
reformer, that in-situ captures CO2, drives the equilibrium of the reaction towards higher conversions and yields a 
pure hydrogen stream. In addition the sorbent’s carbonation reaction is strongly exothermic and provides in-situ 
energy in the reformer. As the sorbent is saturated, the process is inherently dynamic in operation, requiring a 
regeneration step. Sorbent materials of interest for high temperature (>600 °C) applications such as methane 
reforming are mostly calcium oxide, lithium oxide-based materials and hydrotalcites [6-8].  
Lyon and Cole [9] first proposed in 2000 the use of chemical looping reforming as an interesting concept for 
autothermal H2 generation. In CL-SMR, the methane/steam feed and the air feed are not directly mixed as oxygen is 
provided by an oxygen transfer material (OTM) which is reduced in the presence of CH4. Previous studies identified 
oxides of Fe, Mn, Ni, Cu, and Co as potential candidates [10-11]. Re-oxidation of the OTM with air in a subsequent 
regeneration cycle is highly exothermic and provides the heat to drive the endothermic reforming reactions in the 
reforming cycle. Lyon and Cole [9] went one step further and additionally proposed the coupling of sorption 
enhanced reforming with the chemical looping reforming concept (SE-CL-SMR). In this case, the exothermic 
sorbent carbonation reaction provides the necessary heat for the endothermic reforming, while regeneration of the 
sorbent is driven by the OTM re-oxidation in the regeneration cycle. Subsequently, the SE-CL-SMR process for 
production of hydrogen has been investigated utilizing a variety of fuels [12-14]. Thermodynamics of the SE-SMR 
process have been thoroughly studied for a variety of feeds [17-20]. However, studies on the thermodynamic 
analysis and process simulation of the combined SE-CL-SMR process are more limited [15,16,21].  
In the present study, we conducted a detailed thermodynamic analysis of the SE-CL-SMR process using CaO and 
NiO as CO2 sorbent and OTM, respectively. The effect of different parameters on methane conversion, hydrogen 
yield and purity and CO2 capture efficiency was investigated. Also, the use of different sweep gases and oxidants for 
the regeneration cycle has been specifically addressed. Conventional SMR and SE-SMR were investigated under the 
same conditions for comparison purposes. The results of this analysis allowed selection of the optimum operating 
window for the process in order to achieve high hydrogen yield with minimum heat requirements. 
2. Methodology 
2.1. Investigated processes and chemical reactions 
The thermodynamic analysis was performed for three processes, namely the sorption enhanced chemical looping 
steam methane reforming (SE-CL-SMR), the sorption enhanced steam methane reforming (SE-SMR), and the 
conventional steam methane reforming (SMR), as reference. ASPEN simulation flow diagrams and the reactions 
that take place in each of the investigated processes are described in the following paragraphs. 
2.1.1. Conventional steam methane reforming (SMR) 
The simulation flowchart of the conventional SMR process is presented in Fig. 1. The feed stream to the 
reformer, containing CH4 and Η2Ο, is preheated up to ~500°C prior to entering the reforming reactor. Preheating is 
performed in two heat exchangers, utilizing the hot flue gases from methane combustion which provide heat to the 
reformer and the heat load of the hot product stream respectively. In the case of conventional steam reforming, it 
was considered that only the methane reforming (1) and the water gas shift (2) reactions take place.  
4 2 2 298CH    H O  3H   CO,       206kJ / mol. l  '+                                                                                                          (1) 
2 2 2 298CO    H O   CO   H ,       41kJ / mol. l  '+                                                                                                          (2)  
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In order to convert the undesired CO to CO2 and increase H2 efficiency, the reformer’s product stream undergoes 
further processing in two water gas shift (WGS) reactors operating at 400°C and 210°C respectively. The outlet of 
the low temperature WGS reactor is then cooled and the unreacted steam is condensed and removed. 
 
 
Fig. 1. Simulation flow diagram of the conventional steam methane reforming (SMR) process 
2.1.2. Sorption enhanced steam methane reforming (SE-SMR) 
In the SE-SMR process, reforming is performed in the presence of a suitable CaO-based sorbent that captures in 
situ the produced CO2 and drives equilibrium of reactions 1 and 2 to the right, leading to higher hydrogen yields. As 
the sorbent is gradually saturated, it is necessary to couple the reformer with a regenerator, for decomposition of the 
produced CaCO3 to CaO. The flowchart for the investigated SE-SMR scenario is shown in Fig. 2. Similarly to SMR, 
the feed consists of pure CH4 and H2O. Water is first preheated to saturated steam by utilizing part of the heat of the 
produced H2 from the reformer and is then superheated using external heating. Steam is mixed with CH4 and the 
total feed is finally preheated with the product stream from the reformer and the outlet stream of the regenerator. 
Two heat exchangers are used in order to achieve a more efficient integration of the thermal content of the product 
streams. After preheating, the feed is mixed with the recycled stream of the regenerated sorbent and is fed to the 
reformer. With the addition of the sorbent, reactions (1) and (2) occur simultaneously with the carbonation reaction 
of CaO, and this leads to the capture of produced CO2: 
2 3 298CaO   CO        CaCO ,         178.8kJ / mol. l '+                                                                                                             (3) 
The saturated sorbent enters the regenerator, where it is fully regenerated in the presence of a suitable sweep gas 
(CO2 or H2O) (reverse reaction 3). The necessary heat for the endothermic calcination of CaCO3 is provided by 
natural gas combustion.  
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Fig. 2. Simulation flow diagram of the sorption enhanced steam methane reforming (SE-SMR) process and the sorption enhanced chemical 
looping steam methane reforming (SE-CL-SMR) with pure stoichiometric oxygen used as oxidant 
2.1.3. Sorption enhanced-chemical looping steam methane reforming (SE-CL-SMR) 
In the sorption enhanced-chemical looping steam methane reforming (SE-CL-SMR), the reformer contains the 
CO2 sorbent and an oxygen transfer material (NiO). NiO is reduced in the presence of methane, according to the 
following reactions: 
4 2 298CH   NiO    CO   2H    Ni,       203kJ / mol. l   '+                                                                                       (4) 
4 2 2 298CH   4NiO   CO   2H O  4Ni,     123kJ / mol. l   '+                                                                                        (5) 
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2 298CO   NiO    CO    Ni,                    43kJ / mol. l  '+                                                                                        (6) 
2 2 298H      NiO    H O   Ni,                    2kJ / mol. l  '+                                                                                          (7) 
The reduced oxygen carrier has then to be re-oxidized in the regenerator in the presence of a suitable oxidant 
such as pure Ο2, air, CO2 or H2O according to the following reactions: 
2 298Ni   1 / 2O     NiO,                               240kJ / mol. l '+                                                                                       (8) 
2 298Ni    CO         NiO  CO,                    43kJ / mol. l  '+                                                                                          (9) 
2 2 298Ni    H O        NiO  H ,                     48kJ / mol. l  '+                                                                                        (10) 
 
 
Fig. 3. Simulation flow diagram of the sorption enhanced chemical looping steam methane reforming (SE-CL-SMR) process with air, CO2 or 
H2O used as oxidant 
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Assuming that it is essential to have an undiluted CO2 stream, the design of SE-CL-SMR depends on the type of 
oxidant used for regeneration of the OTM. In the case that stoichiometric oxygen is used for the re-oxidation, it can 
be envisaged that both regeneration of the sorbent and re-oxidation of the OTM would take place in a single reactor 
as the only product leaving the regenerator is CO2 produced from calcination of the saturated sorbent according to 
reverse reaction (3). In such case, the process simulation model is similar to that proposed for the SE-SMR, shown 
in Fig. 2. When air is used as oxidant, the CO2 would be highly diluted in nitrogen, whereas in the case of CO2 or 
H2O (as oxidants) additional products such as CO and H2 will be formed. In order to avoid dilution of CO2, it is 
assumed that the regeneration cycle takes place in two consecutive reactors. The materials first enter the first reactor 
(R2), operating around 650°C with air as feed, for the re-oxidation of the OTM. The temperature is sufficiently low 
to avoid decomposition of the CaCO3, while the heat of the exothermic NiO reoxidation is utilized to partially cover 
the thermal demands of the reformer that operates at the same temperature. The materials are then transferred to the 
second reactor (R3), operating at higher temperatures (>850°C) for the release of CO2 in the presence of CO2 or 
steam as sweep gas. (Fig. 3). In this concept, the necessary heat for the endothermic calcination of CaCO3 is 
assumed to be provided by natural gas combustion.  
 
2.2. Simulation methodology 
In order to determine the effect of operating conditions, basic equilibrium calculations were performed using the 
simulation software Aspen Plus 20.0. Equilibrium compositions for the outlet streams were calculated by 
minimizing the Gibbs free energy for the input reactants at the specific temperature and pressure of an RGibbs 
reactor. Sensitivity analysis was performed for a range of temperatures, pressures, H2O/CH4 (S/C) ratio, CaO/CH4 
(CaO/C) ratio and CaO/NiO ratio. The parametric analysis of the reformer was based on the effect of the above 
parameters on methane conversion, hydrogen purity (on dry basis), hydrogen yield and CO2 capture. For the 
regenerator, the influence of parameters on CaO regeneration and NiO re-oxidation was examined. 
CH4 conversion is defined as the number of moles of CH4 that reacted (moles in inlet minus the moles in the outlet) 
divided by the moles of CH4 in the feed stream of the reformer: 
4,in 4,out
4,in
CH CH
4
CH
(n n )
CH conversion 100%
n
                                                                  (12) 
Η2 purity is defined as the amount of produced Η2 (moles) divided by the total moles of the gaseous outlet stream: 
2,out
2,out 4,out ,out 2,out
H
2
H CH CO CO
n
H purity(%) 100
(n n n n )
   
                                                                                           (13) 
Η2 yield is defined as the amount of produced Η2 (moles) divided by the stoichiometric amount of produced H2 by 
the reforming reaction, which is 4 moles of H2 per mol of CH4: 
 2,out
2,stoic
H
2
H
n
H yield (%) 100
n
                                        (14) 
CO2 capture efficiency is defined as the percentage of carbon captured as CaCO3 and is expressed as the total 
number of carbon (moles) in the outlet stream divided by the number of carbon (moles) in the inlet stream: 
4,in 4,out ,out 2,out
4,in
CH CH CO CO
2
CH
(n n n n )
CO capture(%) 100
n
                                                                (15) 
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3. Results & Discussion 
3.1 Thermodynamic analysis of the reforming/reduction/carbonation cycle 
3.1.1 Effect of temperature 
The effect of temperature on methane conversion, hydrogen purity and yield and CO2 capture is illustrated in 
Figures 4a-d respectively for the three investigated processes. In conventional steam methane reforming, the 
increase of temperature greatly increases methane conversion, an expected result since the endothermic reforming 
reaction is favored by high temperatures. Fig. 4a clearly portrays the advantage of both sorption enhanced processes, 
as the presence of the CO2 sorbent results in high methane conversion levels even at temperatures below 650°C. The 
presence of the OTM in the SE-CL-SMR leads to even greater methane consumption than in the SE-SMR due to 
partial and total oxidation of methane by NiO. However, this is accompanied by a decrease in hydrogen yield (Fig. 
4b), as the reduction of NiO by methane leads to total oxidation products and not hydrogen (reaction 4). Comparing 
the hydrogen purity in the three processes (Fig. 4c), the superiority of the sorption enhanced processes at low 
temperatures over conventional steam methane reforming can be clearly observed and is related to the in situ capture 
of the produced CO2. At temperatures less than 650°C, the CO2 capture efficiency is over 90% (Fig. 4d). It starts to 
decay rapidly at ~ 670°C and drops to zero at around 720°C. At these high temperatures the partial pressure of CO2 
in the system is lower than its equilibrium partial pressure which favors CaCO3 decomposition. As a result, at 
temperatures above 720°C the sorption enhanced processes degenerate into conventional steam reforming. Based on 
the above, the optimal operating window of temperature for both sorption enhanced processes is between 550 and 
650oC.  
 
Fig. 4. CH4 conversion (a), H2 yield (b), H2 purity (c) and CO2 capture efficiency (d) as a function of the reformer’s temperature (P=1 atm, S/C 
ratio=3, CaO/C ratio=1, NiO/CaO ratio=0.5) 
3.1.2 Effect of pressure 
Although the methane steam reforming reaction leads to volumetric increase and therefore is negatively affected 
by pressure according to Le Chatelier’s principle, it is still of interest to investigate the effect of pressure since in 
industrial applications it is highly desirable to work under elevated pressures [15]. As expected, pressure increase 
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has a negative effect on methane conversion for all three cases (Fig. 5a). However, as methane conversion is higher 
in the sorption enhanced processes, it still remains at satisfactorily high levels even with the pressure-inflicted 
decrease. In SE-CL-SMR, conversion remains at even higher levels than in SE-SMR, due to the presence of NiO.    
A similar trend is registered for the hydrogen yield, shown in Fig. 5b, with the difference that the SE-CL-SMR 
exhibits now lower yield than the SE-SMR since part of methane is consumed for oxidation reactions and not for 
hydrogen production. A notable difference is however observed in the purity of the hydrogen stream. As shown in 
Fig. 5c, purity of the produced H2 decreases monotonously with pressure increase in the conventional SMR process. 
In the case of SE-SMR and SE-CL-SMR, the effect is reversed for pressures up to 4 atm. This occurs because in this 
pressure range the partial pressure of CO2 is higher than the equilibrium pressure and the carbonation reaction is 
shifted to the products side [2], resulting in greater CO2 sorption (Fig. 5d) and production of H2 with higher purity. 
Further increase of pressure leads to the expected slight decrease in H2 purity. 
 
Fig. 5. CH4 conversion (a), H2 yield (b), H2 purity (c) and CO2 capture efficiency (d) as a function of the reformer’s pressure (T=650°C, S/C 
ratio=3, CaO/C ratio=1, NiO/CaO ratio=0.5) 
3.1.3 Effect of S/C Ratio 
As steam is a reactant in both reforming and water gas shift reactions, the variation of the steam to methane (S/C) 
ratio can significantly affect the equilibrium of the two reactions. An increase of the S/C ratio drives the equilibrium 
of the three processes in the same direction as can be seen in Fig. 6. By increasing the excess of steam, the 
equilibrium of the reforming and water gas shift reactions is shifted to the products side, resulting in greater methane 
conversion and H2 yield. At the same time, the shift of the equilibrium of the water gas shift reaction to the right 
increases CO2 production and simultaneously its partial pressure, thus favoring the carbonation reaction of CaO 
leading to the production of a H2 stream with higher purity. However, at the same time a large excess of steam leads 
to increased energy demands, since heating of large quantities of steam is required. Moreover, S/C ratios greater 
than four do not have any significant effect. Based on these considerations, the optimum S/C ratio is selected as ~3. 
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3.1.4 Effect of CaO/C ratio 
Methane conversion and CO2 capture efficiency and hydrogen yield and purity are illustrated in Figures 7a and 
7b respectively as a function of the CaO/C ratio for both sorption enhanced processes. CH4 conversion and H2 yield 
increase by increasing the CaO/C ratio up to ~ 0.8 for both SE-SMR and SE-CL-SMR. Although one would expect 
the yield of H2 to keep increasing up to a CaO/C ratio of 1 as dictated by stoichiometry, a plateau is reached at ~ 0.8. 
This can be mostly attributed to the thermodynamic equilibrium of CaCO3/CaO, which is less than 1 at 650oC. 
Moreover, while CH4 conversion is higher in the case of the SE-CL-SMR, H2 yield is lower than that of the SE-
SMR. This is due to the fact that in the former case, a portion of CH4 is oxidized by NiO to CO2. For CaO/C ratios 
up to 0.7 the produced carbon dioxide is greater than the stoichiometrically maximum amount that CaO can bind 
and thus the sorption in the two processes is approximately the same. However, for ratios greater than 0.7, CaO is in 
excess and CO2 sorption is equal to its maximum theoretical value, which increases from 74% in the case of SE-
SMR  to 81% in the case of SE-CL-SMR due to the increased partial pressure of CO2 in the presence of NiO. As a 
result of the increased CO2 sorption, the H2 stream of SE-CL-SMR has higher purity than that of SE-SMR. 
 
 
Fig. 6. CH4 conversion (a), H2 yield (b), H2 purity (c) and CO2 capture efficiency (d) as a function of S/C ratio (T=650°C, P=1 atm, CaO/C 
ratio=1, NiO/CaO ratio=0.5) 
 
 
Fig. 7. CH4 conversion and CO2 capture efficiency (a) and H2 yield and purity (b) as a function of CaO/C ratio (T=650oC, P=1atm, S/C ratio=3, 
NiO/CaO ratio=0.5) 
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The maximum contribution of CaO in the process occurs for CaO/C ratios between 0.8 and 1. Further increase in 
CaO/C ratio above 1 has essentially no effect on the amount of captured CO2, but has a negative impact on the 
energy efficiency of the process, since heating of CaO requires a large amount of energy. Fig. 8 shows the effect of 
CaO/C ratio on thermal requirements of the reforming cycle and on the total thermal demands per kmol of H2 for 
SE-SMR and SE-CL-SMR processes. Reformer’s heat duty is gradually reduced by increasing the CaO/C ratio up to 
0.8, due to the increased heat generated by the carbonation reaction. Further increase of CaO/C ratio above 0.8 has 
no significant effect on the thermal requirements of the SE-SMR, while in the case of the SE-CL-SMR it leads to a 
slight decrease in heat demands due to the increased amount of NiO (since the NiO/CaO ratio was kept constant for 
the calculations). The difference in the thermal requirements of the two processes is much more pronounced when 
the total demands are considered, since the big advantage of the SE-CL-SMR lies in utilization of the heat generated 
by NiO re-oxidation. For the optimum operating window of CaO/C ratio, 0.8-1.0, the reduction of the total heat 
demands compared to SE-SMR is approximately 26%. 
 
 
Fig. 8. Reformer’s heat duty and total thermal demands of SE-SMR and SE-CL-SMR as a function of CaO/C ratio (Tref=650°C, Treg=890°C, 
P=1atm, NiO/CaO ratio=0.5, type of oxidant: pure oxygen) 
3.1.5 Effect of NiO/CaO ratio 
The increase in the NiO/CaO ratio leads to a gradual reduction in the performance of the process, as more 
methane is oxidized by the increasing amount of NiO and less is consumed by the reforming reaction compared to 
SE-SMR (Fig. 9). However, it slightly increases the purity of produced H2 due to higher CH4 conversion and CO2 
capture efficiency. As more CO2 is produced with increasing oxidation of CH4 by the oxygen carrier, its partial 
pressure increases and the equilibrium of the carbonation reaction is shifted to the products side. As a result, a high 
purity H2 stream is produced.  
  
 
Fig. 9. CH4 conversion, H2 yield and purity and CO2 capture efficiency as a function of NiO/CaO ratio in the reformer (T=650oC, P=1atm, S/C 
ratio=3, CaO/C ratio=1) 
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3.2 Thermodynamic analysis of the re-oxidation/calcination cycle 
3.2.1 Effect of temperature and pressure 
The effect of temperature on the re-oxidation/calcination cycle was investigated for pressures of 1-2 atm, CaO/C 
ratio of 1, NiO/CaO ratio of 0.5 and use of pure oxygen as oxidant. Results presented in this paragraph apply to the 
two-reactor concept of the SE-CL-SMR (see Fig. 2), where regeneration of the sorbent and the re-oxidation of the 
oxygen carrier take place in the single reactor. Complete regeneration of CaCO3 occurs at temperatures near 850°C 
at atmospheric pressure, while metallic Ni is completely re-oxidized at any temperature within the temperature 
window investigated, as shown in Fig. 10. Further increase of temperature has no effect on the thermodynamics of 
the system. Therefore, when operating near atmospheric pressure, the temperature of the regeneration reactor needs 
to be at least 850°C, in order to achieve complete regeneration of the sorbent. 
Pressure increase adversely affects the sorbent regeneration and therefore a higher temperature for complete 
desorption of CO2 is required. By increasing pressure up to 2 atm the minimum temperature for complete calcination 
of CaCO3 is around 900°C. However, high regeneration temperatures lead to sintering and agglomeration of the 
material, reducing its sorption capacity. Therefore, these results indicate that it is necessary to operate the 
regeneration cycle at pressures as low as possible. 
Fig. 10 also presents the thermal requirements of the re-oxidation/regeneration cycle for the two sorption 
enhanced processes as a function of temperature at atmospheric pressure for the case where pure oxygen is used as 
oxidant. The results show that the sorption enhanced chemical looping reforming process is much more energy 
efficient than the simple sorption enhanced process, as most of the energy required for the regeneration cycle of SE-
CL-SMR is produced in situ by the strongly exothermic reaction of Ni oxidation. For complete sorbent regeneration 
(~850°C) the reoxidation/calcination cycle of SE-CL-SMR process requires only 16 MJ/kmol H2, as opposed to the 
43 MJ/kmol H2 that are needed in SE-SMR.  
 
 
Fig. 10. Regeneration of the CaO sorbent, re-oxidation of the NiO oxygen carrier and heat duty of the re-oxidation/regeneration cycle as a 
function of the regenerator’s temperature at different pressures (CaO/C= 1, NiO/CaO =0.5, type of oxidant: pure oxygen) 
3.2.3 Effect of NiO/CaO ratio and type of oxidant  
As explained in the methodology section of the manuscript, four different types of oxidants were considered: 
pure stoichiometric Ο2, air, CO2 and H2O. In the case of oxygen use, the process is envisaged to occur in two 
reactors, a reformer and a regenerator. Calcination of the saturated sorbent and the re-oxidation of reduced NiO take 
place simultaneously in the regenerator, leading to production of a pure CO2 stream (Fig. 2). In the case of air, CO2 
or H2O as oxidants, re-oxidation of the OTM and regeneration of the sorbent take place in separate reactors (Fig. 3) 
in order to alleviate the dilution or mixing of the CO2 stream. Fig. 11 illustrates the thermal requirements of the re-
oxidation/regeneration cycle of the SE-CL-SMR as a function of the NiO/CaO ratio and type of oxidant. As shown 
in the figure, the use of a NiO oxygen carrier in sorption enhanced reforming is beneficial only when pure O2 is used 
as oxidant in the two-reactor concept. In the case of air, although re-oxidation is as exothermic as with pure oxygen, 
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the heat demands are higher due to the use of two different reactors for re-oxidation and regeneration. The oxidation 
reactor operates at 650°C while the calcinator at 850°C and therefore the heat of re-oxidation cannot be used to 
cover the calcination heat demands. This results in an increase in the heat demands of the regeneration/re-oxidation 
cycle since external heating should be provided. Of course, the heat of re-oxidation is exploited for partially 
covering the reformer’s heat duty. The increase of the heat demands with the NiO/CaO ratio with air is due to the 
fact that pre-heating of a higher amount of solids is needed. The reactions of metallic Ni with steam and CO2 are 
strongly endothermic and therefore an increase of the NiO/CaO ratio increases the energy demands when CO2 and 
steam are used. 
Table 1 compares the overall thermal requirements of the SE-CL-SMR for different oxidants and NiO/CaO 
ratios, with the requirements of simple sorption enhanced reforming and the conventional methane reforming. It can 
be observed that the SE-CL-SMR is energetically more efficient than the SE-SMR only in the case that pure oxygen 
is used as oxidant. In the case of air, although re-oxidation is as exothermic as with pure oxygen, the heat demands 
are higher due to the use of two different reactors as explained above. When steam or CO2 are employed as 
oxidation agents, total thermal requirements of the SE-CL-SMR are greater than those of the SE-SMR due to the 
endothermic Ni re-oxidation reactions. When a NiO/CaO ratio greater than 0.5 is used (with CO2 or steam as 
oxidants), the total thermal requirements of the SE-CL-SMR are even higher than the demands in conventional 
methane reforming (up to 6%).  
As discussed in section 3.1.5, an increase in the NiO/CaO ratio decreases H2 yield in the reduction/reforming 
cycle. This decrease in H2 yield is plotted in Fig. 11 together with the thermal requirements of the regeneration cycle 
as a function of the NiO/CaO ratio. It can be seen that decrease in H2 yield compared to the SE-SMR (NiO/CaO 
ratio=0) is relatively small, for NiO/CaO ratios up to 0.7, while the regeneration cycle of the process can 
substantially run under auto-thermal conditions when pure oxygen is used as oxidant. Therefore, the optimum 
NiO/CaO ratio is in the range between 0.2-0.7. Summarizing the above, it appears that the use of NiO is beneficial 
only when pure O2 is used as oxidant in the regeneration cycle in a two-reactor process concept. The optimal 
NiO/CaO ratio ranges between 0.2 and 0.7, reducing total thermal requirements by 12 to 40% respectively compared 
to the SE-SMR in the case of pure O2 oxidation. However, this is accompanied with a reduction of H2 yield up to 
about 11%. 
 
 
Fig. 11. Heat duty of re-oxidation/regeneration cycle and H2 yield as a function of the NiO/CaO ratio and type of oxidant (Treg=890oC, Preg=1atm, 
CaO/C ratio=1) 
 
Table 1. Total thermal demands (kJ/mole H2) of SE-SMR and SE-CL-SMR as a function of the NiO/CaO ratio and type of oxidant used for the 
oxygen carrier re-oxidation (Tref=650oC, Treg=890oC, P=1atm, CaO/C ratio=1) 
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4. Conclusions  
In this study, a complete thermodynamic analysis of the sorption enhanced chemical looping steam methane 
reforming process, with CaO as CO2 sorbent and NiO as oxygen transfer material was performed. The scope of the 
work was to determine the window of optimum operating parameters and detect the advantages and disadvantages 
of the concept compared to sorption enhanced reforming and the conventional steam reforming process.  
The results of thermodynamic analysis showed significant advantages of both sorption enhanced processes 
compared to conventional steam reforming for H2 production. The reason for the improved performance of the 
sorption enhanced processes is the addition of the CaO sorbent in the reforming reactor, leading to higher methane 
conversion at low temperatures (~650°C) and to higher product purity. The addition of NiO, in the case of sorption 
enhanced chemical looping steam methane reforming, leads to minimization of thermal requirements of the process 
in a two-reactor concept using pure oxygen as oxidant, demonstrating the superiority of this process compared to 
conventional SMR and SE-SMR. It should be noted however that in practice the optimum conditions for 
conventional SMR involve operation at much higher temperatures (850°C) and pressures (~25atm), while the 
produced hydrogen is already compressed and ready for downstream use. In another work, the three reforming 
processes will be compared under optimum conditions for each process and similar product “quality”, namely 
compressed hydrogen and sequestration-ready CO2 stream. 
Investigation of the type of oxidant which can be used for re-oxidation/regeneration showed that only pure O2 can 
be used to reduce the energy requirements of the SE-CL-SMR process up to 26% compared to the SE-SMR, and up 
to 41% compared to the conventional SMR for a NiO/CaO ratio of 0.5. Use of air requires the use of separate 
reactors for re-oxidation and calcination (and therefore increased equipment cost and less efficient heat integration), 
whereas the use of CO2 or steam aggravates the energy balance as nickel re-oxidation is endothermic in these cases.  
A negative effect from NiO addition in the SE-CL-SMR process is decrease in hydrogen production (due to 
reaction of part of methane with NiO to CO2), up to 11% for a NiO/CaO ratio of 0.7.   
The optimum operating windows according to thermodynamics are summarized below: 
Reforming cycle:      Regeneration cycle: 
x Temperature: 550-650°C    Temperature: 850-900°C 
x Pressure: 1-4 atm      Pressure near atmospheric 
x Steam/Carbon ratio: 3      Type of oxidant: air or oxygen 
x CaO/Carbon ratio: 0.8-1 
x NiO/CaO ratio: 0.2-0.7 
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